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Abstract 
We present how the Empirical Potential Structure Refinement (EPSR) technique developed by A. Soper and co-workers can be applied to 
borosilicate glasses of nuclear interest to build realistic atomistic models. In particular, we show how the atomistic configuration for a six-oxide 
glass is modified by the introduction of the empirical potential during the simulation. EPSR strengths and weaknesses are then brought out by 
comparing simulation results with experimental data.  
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1. Introduction 
Nowadays, in addition to Wide Angle X-ray Scattering (WAXS) and neutron diffraction experimental data, accurate Reverse 
Monte Carlo (RMC) simulations rely on an initial atomistic configuration built from Molecular Dynamics (MD), which enables 
to only probe  the atomistic configurational space giving the closest agreement between calculated structure factors and 
experimental patterns. This approach is well suited for simplified glasses, containing not further than three or four oxides, but 
what can we do if we want to deal with complex oxide glasses containing more than four oxides? The recent outgrowth Empirical 
Potential Structure Refinement (EPSR) technique (Soper, 2005, 1996, http://disordmat.moonfruit.com/), which belongs to the 
Reverse Monte Carlo family (McGreevy and Pusztai, 1988; McGreevy, 2001), brings out a positive answer to this question, as it 
builds an initial atomistic configuration from the combination of both a Lennard-Jones (L-J) and Coulomb inter-atomic 
potentials. Therefore, if N is the number of atomic species inside the glass, for oxide glasses, there are 3N essential parameters 
GULYLQJ WKH FDOFXODWLRQ LH WKH UDQJH SDUDPHWHU ı WKH ZHOO GHSWK İ DQG WKH LRQLF FKDUJH 4:KHQ DFFXUDWHO\ FKRVHQ WKHVH
parameters permit to build a first equilibrium state which is expected not to be too far from the real solution. Furthermore, for 
borosilicate glasses, boron special behaviour must also be taken into account as far as its coordination number can reach high 
values, greater than 3.5 for example. This feature can be dealt with by means of 11B Nuclear Magnetic Resonance (NMR) 
technique, which can be valuable to find the best L-J + Coulomb parameters for boron species.  
To emphasize our purpose, we chose to study a six-oxide borosilicate glass (based on zirconium, aluminium, boron, silica, 
sodium and calcium oxides) which composition is a simplified version of the French R7T7 industrial nuclear glass containing 
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more than thirty oxides. This glass will be used to ensure confinement of fission products and minor actinide elements for long 
term disposal. 
2. Methods 
Materials preparation, WAXS with a lab-based diffractometer, neutron diffraction and 11B NMR techniques for the studied 
glass were already presented in a previous paper and therefore will not be discussed here (Bouty et al., 2013, 2012). Furthermore, 
as a more comprehensive paper written by D. T. Bowron related to EPSR can be read on the same series, we only present here the 
main outlines of EPSR. EPSR aims to build atomistic configurations consistent with structure factors (or interference functions) 
obtained by means of neutron diffraction and WAXS experimental data. But rather than using only structural constraints on short 
range order, EPSR uses the combination of a 12-6 L-J plus Coulomb potential to begin the simulation with, and of an empirical 
potential (EP) derived from mathematical arguments, which drives the calculation to a more reliable result. In addition to these 
potentials, atomic movements rely on the Metropolis algorithm, which defines the acceptance-rejection condition based on the 
expression  exp /U kT' , where after beforeU U U'    is the potential energy difference between the configuration before 
and after the move, k is the Boltzmann constant and T is a fictive temperature. Main parameters needed for the simulation are the 
well depthH , the range V  and the Coulomb charge q appearing in the 12-6 L-J plus Coulomb potential for each species: 
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where D  and E  represent the types of atoms i and j, qD  and qE  Coulomb charges, ijr  the inter-atomic distance between 
atoms i and j, DE D EH H H ,  0.5DE D EV V V  , 0H  is the empty space permittivity.  
L-J parameters are obtained by a trial and error approach, to reach, as a first assumption, already known inter-atomic distances 
found in the literature. Coulomb effective ionic charges are chosen to lead to a first atomistic configuration where boron 
coordination is not too far from the experimental value determined by 11B NMR, while keeping electrical neutrality for the 
overall glass components. A cubic box of 33.72 Å side length, filled with 3000 atoms was used for each simulation (540 Si, 288 
B, 228 Na, 68 Al, 50 Ca, 16 Zr, 1810 O). Glass molar concentrations, density, L-J and Coulomb potential parameters are reported 
respectively in tables 1 and 2. No constraints are given to fix a maximum value to the atomic pair distances.  
Simulations are run as follows: without EP, a first equilibrium is reached for a fixed temperature of 5000 K. Then, a more 
relaxed atomistic configuration is searched for by decreasing the temperature. Several values ranging from 600 K to 1200 K were 
tried (all these temperatures were chosen to permit a sufficient thermal agitation and therefore are physically meaningless). A set 
of different boron effective ionic charges from 1.25 to 1.5 were also tried, to check results consistency and in particular boron 
coordination. Finally, a 1000 K temperature and a 1.5 effective ionic boron charge were chosen for the different simulations. This 
stage is followed by a refinement loop by adding the EP to the reference potential (L-J + Coulomb). The last atomistic 
configuration obtained after minimizing the fitting factor (chi-square) is seen to be a more realistic picture of the atomistic glass 
structure. 
Table 1: Glass molar compositions and densities. 
mol. % SiO2 B2O3 Na2O Al2O3 CaO ZrO2 Density 
 60.12 16.01 12.63 3.82 5.71 1.71 2.50 
 
Table 2: Lennard-Jones and Coulomb parameters for EPSR simulations. 
Atoms H (kJ.mol-1) V  (Å) Q (e) 
Si 0.25 1.4 +2 
Na 0.25 2.2 +0.5 
Al 0.25 1.55 +1.5 
Ca 0.25 2.66 +1 
Zr 0.25 2.60 +2 
B 0.25 0.85 +1.5 
O 0.25 3.2 -1.0 
 
Atomistic information reported in tables 3 to 9 were averaged over two simulations. EPSR 2013 version was used for all 
calculations, in contrast to EPSR 2009 version in previous studies (Bouty et al., 2014). 
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Fig. 1(left): Comparison between experimental and calculated structure factors S obtained by WAXS, neutron diffraction and EPSR simulations without EP. 
Curves are displaced vertically for clarity. 
Fig.2 (right): Comparison between experimental and calculated structure factors S obtained by WAXS, neutron diffraction and EPSR simulations with EP. 
Curves are displaced vertically for clarity. 
 
 
 
 
Fig. 3 (left): Partial pair distribution functions obtained without EP (curves are displaced vertically for clarity). 
Fig. 4 (right): Partial pair distribution functions obtained with EP (curves are displaced vertically for clarity). 
 
 
3. Results and Discussion 
We hereafter present and discuss the main differences appearing during the simulations before and after introducing the EP. 
3.1. Structure factors and partial pair distribution functions 
Before introducing the EP, structure factors show large discrepancies in the short Q-range (especially for neutrons), and 
smaller ones for higher Q values (fig. 1). This reflects the fidelity of the L-J terms to represent the short and medium-range order, 
but in contrast its poor behaviour to model long range interactions. After introducing the EP, there is an overall good agreement 
between structure factors obtained from experiment and simulation (fig. 2). For WAXS patterns, the accuracy is better for short Q 
YDOXHV WKDQ ODUJHRQHV7KLV FRXOG UHVXOW IURP WKH ³EDODQFHG ILOWHU´ WHFKQLque (Klug and Alexander, 1974) used to record the 
spectra, as a Mo X-ray tube was used, therefore leading to more noisy data. 
The main partial pair distribution functions (PPDF) are shown on fig. 3 to 4. An ordering increase can be seen clearly for the 
main pairs Si-O and B-O. PPDFs distances before and after the introduction of the EP are quite the same (see table 3), except for 
the B-O pair where a significant change occurs (distance of 1.46 Å decreases to 1.42 Å), and for the Na-O pair where the first 
maximum moves from 2.25 Å ± 2.26 Å to 2.30 Å. For the other pairs, the small variations in the first maximum location show 
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their huge dependence with the initial L-J parameters choice. Therefore, the latter values seem critical to obtain accurate PPDFs 
at the end of the simulation. Moreover, Zr-X pairs (X=Si, B, Na) present a large broadening around their first maximum, which 
reflects the combination of several atomic shells (table 4). As a consequence, an uncertainty of ± 0.05 Å must be added to the 
maximum location, which unfortunately prevents a more quantitative comparison. Nevertheless, bearing in mind the location 
uncertainty, the atomic pair distances are comparable to experimental ones already determined by X-ray absorption spectroscopy  
(A.J. Connelly et al., 2011; Galoisy et al., 1999; Jollivet et al., 2013). 
 
Table 3: Atomic pair distances between cations and oxygen anion.  
Pair distance (Å) Si-O B-O Al-O Na-O Ca-O 
without EP 1.61 ± 0.01 1.46 ± 0.01 1.73 ± 0.01 2.25 ± 2.26 2.29 ± 0.01 
with EP 1.61 ± 0.01 1.42 ± 0.01 1.72 ± 0.01 2.30 ± 0.02 2.30 ± 0.02 
 
Table 4: Zr main atomic pair distances. 
Pair distance 
(Å) 
Zr-O Zr-Si Zr-B Zr-Na 
without EP 2.10 - 2.11 3.49 ± 0.05 3.44 ± 0.05 3.36 ± 0.05 
with EP 2.10 ± 0.01 3.52 ± 0.05 3.44 ± 0.05 3.39 ± 0.05 
Literature 2.08 (Galoisy et al., 1999),  
2.09 ± 0.01 (A.J. Connelly et al., 2011; 
Jollivet et al., 2013) 
3.39 (Galoisy et al., 1999), 
3.42 ± 0.06 (A.J. Connelly et 
al., 2011) 
[3.63 ± 3.67] (Jollivet et al., 
2013) 
3.50 ± 0.1 (Jollivet et 
al., 2013) 
3.44 ± 0.03 (A.J. Connelly et 
al., 2011) 
 
3.2. Local coordination numbers 
Tables 5 to 7 present local coordination numbers and their proportions evolution before and after introducing the EP for Si, B, 
Al, Zr cations and O anion. Coordination numbers are in the range 1 to 7, depending on the species. For example, before the EP 
introduction, 6% O are in coordination 1, 90% are two folded and 4% are three-coordinated (cut-off distances used for their 
determination are reported in table 5). After the EP introduction, quite no differences can be seen for the anion. In contrast, light 
elements as B atoms show a large difference in the three-fold proportion (from 36% to 50%). Nevertheless, EPSR gives a final 
boron coordination comparable to the experimental value (Charpentier, 2013). Moreover, the intermediate Zr species shows also 
a special behaviour in this glass, as coordination numbers 5 to 7 are always present. The only difference before and after 
introducing the EP is the 5-fold proportion drop from 25% to 19% and the 7-fold proportion raise from 19% to 25%. In all cases, 
average Zr coordination is around 6, as already highlighted in former EXAFS experimental works (A.J. Connelly et al., 2011; 
Galoisy et al., 1999). The average local Zr environment is formed of 4.5 Si, 2.1 B and 0.5 Al without EP, and stays quite 
unchanged after the EP addition. Aluminum intermediate species (A. J. Connelly et al., 2011) is more likely to be found in four-
fold coordination, but with an increasing 3-fold proportion from 1% to 6% when introducing the EP. 
 
Table 5: Local coordination numbers for Si, B, Al and Zr cations. The following cut-off radii were used: 2.1 Å for Si-O, 2.25 Å for B-O, 2.30 Å for Al-O, and 
2.85 Å for Zr-O. A deviation from the average value was estimated to be between ± 0.02 and ± 0.03 depending on the considered cation. The latter deviation 
reflects larger systematic experimental errors during WAXS recording and spectra corrections. 
 
Coordination number Si  (cut-off distance Å) B  (cut-off distance Å) Al  (cut-off distance Å) Zr  (cut-off distance Å) 
without EP 4.03 ± 0.02 (2.10) 3.61 ± 0.02 (2.25) 4.07 ± 0.02 (2.30) 5.94 ± 0.02 (2.85) 
with EP 4.03 ± 0.02 (2.10) 3.50 ± 0.03 (2.25) 4.01 ± 0.02 (2.30) 6.06 ± 0.02 (2.85) 
11B NMR   3.47 ± 0.02   
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Table 6: Coordination number proportions without EP for Si, B, Al, Zr cations and O vs. (Si, B, Al, Zr) set. Coordination numbers can vary from 1 to 7 
depending on the ion species. 
Coordination numbers % without EP 1 2 3 4 5 6 7 
O vs. (Si, B, Al, Zr) 6 90 4     
Si     97 3   
B    36 64    
Al   1 90 9   
Zr     25 56 19 
 
Table 7: Coordination number proportions with EP for Si, B, Al, Zr cations vs. O and O vs. (Si, B, Al, Zr) set. Coordination numbers can vary from 1 to 7 
depending on the ion species. 
Coordination numbers % with EP 1 2 3 4 5 6 7 
O vs. (Si, B, Al, Zr) 7 89 4     
Si     97 3   
B    50 50    
Al   6 87 7   
Zr      19 56 25 
 
3.3. Medium range order 
BO3 and BO4 structural units were estimated by counting them over spherical shells surrounding Si, Al and Zr species, using 
related PPDFs. Results are reported in table 8. It is worth noting the large differences between the first stage without EP (where 
values are in the range 31 % - 69 % depending on the species), and the second stage with EP, where the relative proportions for 
the structural units are closer to 50 %. Therefore, introducing the EP has a large influence on the medium range order for 
polyhedral structural units based on light elements, in addition to the short range order one. 
On the other hand, determining angles between atomic triplets of the form X-O-Y (X, Y=Si, B, Al) and O-X-O triplets, show 
very slight differences before and after the EP introduction (table 9). Fig. 5 shows the Si-O-Si angle distribution combined with 
the B-O-B one. Whereas Si-O-Si distribution is clearly centered around 150°, which reflects the most frequent accepted value in 
literature of 144° (Mozzi and Warren, 1969), B-O-B angle distribution shows a double population of structural units, the first one 
centered around 120°, which reflects boroxol rings B3O6 (Mozzi and Warren, 1970; Rao, 2002), and the second one revealing 
other structural units based on BO3 and BO4 tetrahedras. Nevertheless, as already shown by A. Soper in vitreous B2O3 (Soper, 
2011), different boroxol rings proportions in the glass structure can lead to the same simulated patterns, therefore preventing us to 
further quantify ring distributions. 
 
 
Fig. 5: Si-O-Si and B-O-B angle distributions inside the glass. 
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Table 8: BO3 and BO4 proportions around Si, Al and Zr cations without and with EP. 
BOx (x = 3, 4) entities % 
around cations 
Si Al Zr 
BO3 without EP 69 38 37 
BO3 with EP 50 55 42 
BO4 without EP 31 62 62 
BO4 with EP 50 45 58 
 
Table 9: Average angles followed by their standard deviation for the main triplets in the glass. 
Angles (°) O-Si-O Si-O-Si O-B-O B-O-B Si-O-B Si-O-Al Si-O-Zr 
without EP 109±11 147±15 111±10 134±20 142±17 137±18 130±21 
with EP 109±11 150±14 112±11 130±20 143±16 140±18 132±22 
 
4. Conclusion 
:HKDYHVKRZQ(365¶VDELOLW\WRPRGHOWKHDWRPLVWLFVWUXFWXre of a six-oxide alkali borosilicate glass, where boron species 
presents a great influence over the short and medium range order.  
If choosing accurately initial L-J and Coulomb parameters, and knowing boron coordination (measured by 11B NMR), EPSR 
succeeds to reproduce accurately a large range of local coordination numbers and atomic pair distances. Therefore, BO3 and BO4 
structural units around formative and intermediate cations can be quantified. However, slight differences appear in PPDFs main 
distances, indicating the huge influence of the L-J plus Coulomb parameter values, especially for low molar concentrations 
VSHFLHV%XWHYHQLQWKLVFDVH(365UHILQHVORFDOFDWLRQ¶VHQYLURQPHQW 
 Finally, ring statistics should be scrutinized cautiously, as already mentioned by A. Soper (Soper, 2011), different ring 
proportions in the structure can give similar simulated patterns. 
References 
Bouty, O., Delaye, J.M., Beuneu, B., Charpentier, T., 2014. Modelling borosilicate glasses of nuclear interest with the help of RMC, WAXS, neutron diffraction 
and 11B NMR. J. Non-Cryst. Solids (In Press). 
Bouty, O., Delaye, J.M., Peuget, S., 2012. Europium Structural Effect on a Borosilicate Glass of Nuclear Interest. Procedia Chemistry 7, 540±547. 
Bouty, O., Delaye, J.M., Peuget, S., Charpentier, T., 2013. Europium Structural Effect on a Borosilicate Glass of Nuclear Interest: Combining Experimental 
Techniques with Reverse Monte Carlo Modelling to Investigate Short to Medium Range Order. Physics Procedia 48, 65±72. 
Charpentier, T., 2013. Personal communication. 
Connelly, A.J., Hyatt, N.C., Travis, K.P., Hand, R.J., Maddrell, E.R., 2011. Predicting the preference for charge compensation in silicate glasses. Phys. Chem. 
Glasses-Eur. J. Glass Sci. Technol. Part B 52, 64±67. 
Connelly, A.J., Hyatt, N.C., Travis, K.P., Hand, R.J., Maddrell, E.R., Short, R.J., 2011. The structural role of Zr within alkali borosilicate glasses for nuclear 
waste immobilisation. Journal of Non-Crystalline Solids 357, 1647±1656. 
Galoisy, L., Pélegrin, E., Arrio, M.-A., Ildefonse, P., Calas, G., Ghaleb, D., Fillet, C., Pacaud, F., 1999. Evidence for 6-Coordinated Zirconium in Inactive 
Nuclear Waste Glasses. J. Am. Ceram. Soc. 82, 2219±2224. 
Jollivet, P., Calas, G., Galoisy, L., Angeli, F., Bergeron, B., Gin, S., Ruffoni, M.P., Trcera, N., 2013. An enhanced resolution of the structural environment of 
zirconium in borosilicate glasses. Journal of Non-Crystalline Solids 381, 40±47. 
Klug, H.P., Alexander, L.E., 1974. X-Ray Diffraction Procedures for Polycristalline and Amorphous Materials, Second Edition. ed. Wiley-Interscience 
Publication. 
McGreevy, R.L., 2001. Reverse Monte Carlo modelling. Journal of Physics: Condensed Matter 13, R877±R913. 
McGreevy, R.L., Pusztai, L., 1988. Reverse Monte Carlo Simulation: A New Technique for the Determination of Disordered Structures. Molecular Simulation 1, 
359±367. 
Mozzi, R.L., Warren, B.E., 1969. The structure of vitreous silica. Journal of Applied Crystallography 2, 164±172. 
Mozzi, R.L., Warren, B.E., 1970. The structure of vitreous boron oxide. Journal of Applied Crystallography 3, 251±257. 
Rao, K.J., 2002. Structural chemistry of glasses. Elsevier. 
Soper, A.K., http://disordmat.moonfruit.com/. Empirical Potential Structure Refinement. 
Soper, A.K., 1996. Empirical potential Monte Carlo simulation of fluid structure. Chemical Physics 202, 295±306. 
Soper, A.K., 2005. Partial structure factors from disordered materials diffraction data: An approach using empirical potential structure refinement. Phys. Rev. B 
72, 104204. 
Soper, A.K., 2011. Boroxol rings from diffraction data on vitreous boron trioxide. J. Phys.: Condens. Matter 23, 365402. 
 
